Background: Our vision of DNA transcription and splicing has changed dramatically with the introduction of short-read sequencing. These high-throughput sequencing technologies promised to unravel the complexity of any transcriptome. Generally gene expression levels are well-captured using these technologies, but there are still remaining caveats due to the limited read length and the fact that RNA molecules had to be reverse transcribed before sequencing. Oxford Nanopore Technologies has recently launched a portable sequencer which offers the possibility of sequencing long reads and most importantly RNA molecules. Results: Here we generated a full mouse transcriptome from brain and liver using the Oxford Nanopore device. As a comparison, we sequenced RNA (RNA-Seq) and cDNA (cDNA-Seq) molecules using both long and short reads technologies. In addition, we tested the TeloPrime preparation kit, dedicated to the enrichment of full-length transcripts. Conclusions: Using spike-in data, we confirmed that expression levels are efficiently captured by cDNA-Seq using short reads. More importantly, Oxford Nanopore RNA-Seq tends to be more efficient, while cDNA-Seq appears to be more biased. We further show that the cDNA library preparation of the Nanopore protocol induces read truncation for transcripts containing stretches of A's. Furthermore, bioinformatics challenges remain ahead for quantifying at the transcript level, especially when reads are not full-length. Accurate quantification of processed pseudogenes also remains difficult, and we show that current mapping protocols which map reads to the genome largely over-estimate their expression, at the expense of their parent gene.
Background
To date our knowledge of DNA transcription is brought by the sequencing of RNA molecules which have been first reverse transcribed (RT). This RT step is prone to skew the transcriptional landscape of a given cell and erase base modifications. The sequencing of these RT-libraries, that we suggest to call cDNA-Seq, has became popular with the introduction of the short-read sequencing technologies [25] , [19] . Recently, the Oxford Nanopore Technologies (ONT) company commercially released a portable sequencer which is able to sequence very long DNA fragments [7] and enable now the sequencing of complex genomes ( [9] , [4] and [21] ). Moreover this device (namely MinION) is also able to sequence native RNA molecules [8] representing the first opportunity to generate genuine RNA-Seq data.
Furthermore, even if short-read technologies offer a deep sequencing and were helpful to understand the transcriptome complexity and to improve the detection of rare transcripts, they still present some limitations. Indeed, read length is a key point to address complex regions of a studied transcriptome. Depending on the evolutionary history of a given genome, recent paralogous genes can lead to ambiguous alignment when using short reads. In a same way, processed pseudogenes generated by the retrotranscription of RNAs back into the genomic DNA are challenging to quantify using short reads. In addition to sequencing technologies and bioinformatics methods, preparation protocols have a significant impact on the final result as they can incorporate specific biases [2] , [24] . The generation of data rely on a high number of molecular and computational steps which evolve at a fast pace. These changes in the protocol generally modified the appearance of the data. As an example, data produced with protocols based on oligo-dT or random primers in the RT step show differences in how they cover transcripts [2] .
Here we produce a complete transcriptome dataset, containing both cDNA-Seq and RNA-Seq, using the Illumina and Nanopore technologies. RNAs were sampled from brain and liver tissues of mice and were mixed with Lexogen's Spike-In RNA Variants (SIRVs) as a control for quantification of RNAs. We follow the protocols recommended by the manufacturers to generate the three following datasets on each tissue: Illumina cDNA-Seq, Nanopore cDNA-Seq and Nanopore RNA-Seq. The first was sequenced using the Illumina platform (TruSeq SR) and the last two using the MinION device (PCS108 LR and RNA001 LR). Additionally, the second was also sequenced using the Illumina platform (PCS108 SR). The presence of this replicate enables us to clarify which differences are due to the preparation protocol and which are due to the sequencing platform in itself. Moreover, we generated a Lexogen's TeloPrime library on both tissues (TELO LR), this preparation kit is an all-in-one protocol for generating full-length cDNA from total RNA (Figure 1 ).
Data Description Biological material
We used total RNA extracted from mouse brain (Cat # 636601) and liver (Cat # 636603) from Clontech (Mountain View, CA, USA).
Libraries preparation
Illumina cDNA library RNA-Seq library preparations were carried out from a mix of 250 ng total RNA and 0.25 ng Spike-in RNA Variant Control Mix E2 (Lexogen, Vienna, Austria) using the TruSeq Stranded mRNA kit (Illumina, San Diego, CA, USA), which allows mRNA strand orientation. Ready-to-sequence Illumina libraries were quantified by qPCR using the KAPA Library Quantification Kit for Illumina Libraries (KapaBiosystems, Wilmington, MA, USA), and libraries profiles evaluated with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Illumina on Nanopore cDNA library 250 ng of cDNA prepared using the "cDNA-PCR Sequencing" protocol (see "Nanopore cDNA library" below) were sonicated to a 100-to 1000-bp size using the E220 Covaris instrument (Covaris, Figure 1 : Experimental design. Five datasets have been generated on each tissue. Two were based on short-reads with the TruSeq protocol (TRUSEQ SR) and the ONT library preparation (PCS108 SR) and the three others were based on long-reads with the ONT cDNA-Seq protocol (PCS108 LR), the ONT RNA-Seq protocol (RNA001 LR) and the Teloprime protocol (TELO LR) have been used. (RT : retrotranscription).
Woburn, MA, USA). Fragments were end-repaired, then 3'-adenylated, and NEXTflex PCR free barcodes adapters (Bioo Scientific, Austin, TX, USA) were added using NEBNext Sample Reagent Module (New England Biolabs, Ipswich, MA, USA). Ligation products were amplified using Illumina adapterspecific primers and KAPA HiFi Library Amplification Kit (KapaBiosystems, Wilmington, MA, USA) and then purified with AMPure XP beads (Beckmann Coulter, Brea, CA, USA). Ready-to-sequence Illumina libraries were quantified by qPCR using the KAPA Library Quantification Kit for Illumina Libraries (KapaBiosystems), and libraries profiles evaluated with an Agilent 2100 Bioanalyzer (Agilent Technologies).
Nanopore cDNA library
Total RNA was first depleted using the Ribo-Zero rRNA Removal Kit (Human/Mouse/Rat) (Illumina). RNA was then purified and concentrated on a RNA Clean Concentrator TM -5 column (Zymo Research, Irvine, CA, USA). cDNA libraries were performed from a mix of 50ng RNA and 0.5 ng Spike-in RNA Variant Control Mix E2 (Lexogen) according to the Oxford Nanopore Technologies (Oxford Nanopore Technologies Ltd, Oxford, UK) protocol "cDNA-PCR Sequencing" with a 14 cycles PCR (8 minutes for elongation time). ONT adapters were ligated to 650 ng of cDNA. Nanopore RNA library RNA libraries were performed from a mix of 500ng RNA and 5ng Spike-in RNA Variant Control Mix E2 (Lexogen) according to the ONT protocol "Direct RNA sequencing". We performed the optional reverse transcription step to improve throughput, but cDNA strand was not sequenced.
Nanopore TeloPrime library
Three cDNA libraries were performed from 2µg total RNA for each RNA sample according to the TeloPrime Full-Length cDNA Amplification protocol (Lexogen). A total of 5 PCR were carried out with 30 to 40 cycles for the brain sample and 30 cycles for the liver sample. Amplifications were then pooled and quantified. Nanopore libraries were performed from respectively 560ng and 1000ng of cDNA using the SQK-LSK108 kit according to the Oxford Nanopore protocol.
Sequencing and reads processing

Illumina datasets
Both cDNA libraries, prepared with the TruSeq (TruSeq SR) and Nanopore (PCS108 SR) protocols, were sequenced using 151 bp paired end reads chemistry on a HiSeq4000 Illumina sequencer (Table  1) . After the Illumina sequencing, an in-house quality control process was applied to the reads that passed the Illumina quality filters. The first step discards low-quality nucleotides (Q < 20) from both ends of the reads. Next, Illumina sequencing adapters and primer sequences were removed from the reads. Then, reads shorter than 30 nucleotides after trimming were discarded. The last step identifies and discards read pairs that mapped to the phage phiX genome, using SOAP [18] and the phiX reference sequence (GenBank: NC 001422.1). These trimming and removal steps were achieved using in-house-designed software as described in [3] .
Nanopore datasets
Nanopore libraries were sequenced using a MinION Mk1b with R9.4.1 (PCS108 LR and RNA001 LR) or R9.5 flowcells (TELO LR). The data were generated using MinKNOW 1.11.5 and basecalled with Albacore 2.1.10 (Table 1 ). 
Reads alignment
Long reads were mapped to the spike-in transcripts using Minimap2 (version 2.14) [17] (-ax map-ont) and we used the number of aligned reads as a proxy of the expression of a given transcript. Short reads were mapped to the spike-in transcripts using bowtie [14] and quantified using RSEM [16] . The quantification obtained is given in TPM (transcript per million). We then assessed the mouse transcripts expression and mapped the long reads against the mouse transcripts (Ensembl 94) using Minimap2 (with the following options -ax map-ont and -uf for direct RNA reads). Supplementary alignments and reads aligned on less than 80% of their length were filtered out. Expression was directly approximated by the number of reads which mapped on a given transcript. Short reads were mapped to the reference genome (release Grcm38.p6) using STAR with the gtf option (annotation Ensembl 94). Gene expression levels (TPM) were then derived using Feature Counts (Subread package version 1.6.0).
Spliced alignment and error rate
The error rate of ONT reads is still around 10% and complicates the precise detection of splice sites. Mouse splice sites are often canonical, as observed when aligning reference annotation (coding genes from Ensembl 94) using BLAT, 98.5% of introns were GT-AG. Here minimap2 was able to detect only 80.7% of GT-AG introns when ONT RNA-Seq reads were used as input. Interestingly, the proportion of cannonical splice sites is lower when using ONT cDNA-Seq (67.7%). In fact ONT RNA-Seq reads are strand-specific which is of high value for the alignment and splice site detection. When using high quality sequences (coding genes from Ensembl 94) instead of reads, minimap2 retrieved 96.4% of GT-AG introns. These results show that the detection of splice sites using long but noisy reads is challenging and that dedicated aligners still need some improvements. 
General comparison of sequencing technologies
RNA-Seq is a powerful method that provides a quantitative view of the transcriptome and the number of sequenced fragments is a key point to capture thoroughly the expression of genes. The Illumina technology is able to generate billions of short tags, and unsurprisingly allows to access a largest number of genes/transcripts. However with the same number of reads, both Illumina and Nanopore technology are able to uncover the same number of transcripts ( Figure 2 ). As a comparison, the high-throughput PromethION device will be able to generate up to 60 millions of long reads and will compete directly with the Illumina technology. Long reads sequencing offers the possibility to capture full-length RNAs. When looking at single isoform genes, we found that in average reads cover between 61 and 74% of the messenger RNAs (Table  2) . But even though this horizontal coverage is quite high, the proportion of reads that covered more than 80% of the transcript remains low (near 55% except for cDNA-Seq of the brain sample). RNA degradation can obviously explain a proportion of these fragmented reads, and it has been shown more recently that a software artifact may truncate reads (around 20%) during the base-calling process [1] .
Improving the proportion of full-length reads
The proportion of full-length transcripts can be improved by using a dedicated library preparation protocol. Here we tested the TeloPrime amplification kit, commercialized by the Lexogen company. This protocol is selective for full-length RNA molecules that are both capped and polyadenylated. Using this protocol we were able to slightly improve the proportion of full-length reads (which covered at least 80% of a given transcript, Table 2 ). However, in return, we captured a lower number of genes, lowering the interest of such a protocol in most applications (Figure 2 ).
Sequencing biases of transcripts containing long homopolymers of A's
Since cDNA synthesis is initiated with a poly-dT primer, a relevant question is whether transcripts which internally contain stretches of A's are correctly sequenced. We find that using cDNA-Seq, cDNA molecules stemming from such transcripts are often truncated, resulting in reads covering only the 3' end of the transcripts. As an example, the Ncs1 gene contains a stretch of 15 A's and ONT cDNA-Seq reads are systematically interrupted at the location of this stretch of A's ( Figure 3c , tracks 2 and 3), while this is not the case for Illumina Truseq (Figure 3c, track 4) and ONT RNA-Seq (Figure 3c, track  1 ).This gene is not an exception and a systematic analysis of all transcripts covered by at least 20 reads and containing a stretch of at least 15 A's reveals that read truncation is common (Figure 3a) . This bias is also present in other published Nanopore RNA-Seq dataset [27] (Gene Mettl2b, Supplementary  figure 1 ), but has remained overseen so far. It however concerns at least 5% of transcripts in mouse and human, as can be estimated from RNA-Seq data. The estimation is even higher and reaches 10% when using cDNA-Seq data. The true expression level of these transcripts is however not easy to capture and might be over-estimated by the ONT cDNA protocol (Supplementary Figure 1a) compared to the ONT RNA-Seq protocol (Supplementary Figure 1b) . Overall, the ONT cDNA-Seq protocol produces reads that are shorter and more numerous for this class of transcripts. This bias seems to be associated to the use of a polydT primer, and could therefore also affect Pacbio cDNA-Seq data. Although it had been searched for in previous work [13] , it may have been largely underestimated because the authors were then focusing on stretches of 20 A's.
Evaluation of the accuracy of the gene expression quantification using spikein data
In order to assess which protocol was best to quantify gene expression, we analysed the spike-ins contained in the brain datasets. Since we exactly know which transcripts are present in the sample, the quantification is rather straightforward. The best quantifications were obtained for the ONT RNASeq (ρ =0.86) and Illumina Truseq (ρ =0.80) protocols (Figure 4) . In contrast, cDNA-Seq (sequenced using Illumina or Nanopore) produced more unprecise quantifications (ρ =0.53 and ρ =0.66). For all protocols, the precision of the estimation was poorer for weakly expressed transcripts, an expected result.
Although lexogen spike-in have been used to evaluate the quantification obtained with ONT cDNASeq [26] or ONT RNA-Seq [8] protocol separately, we are the first to compare the quantification obtained with ONT cDNA-Seq, RNA-Seq and Illumina cDNA-Seq. Our experimental design allows us to compare the effect of the sequencing platform and of the library preparation protocol independently.
In order to assess the quality of the quantification in a more realistic context where we do not know which transcripts are present in the sample, we also mapped the reads to a modified set of transcripts corresponding either to an over-annotation or an under-annotation (as provided by Lexogen). In both cases, the correlations were overall poorer than before, but the order was maintained, with ONT RNA-Seq and then Illumina cDNA-Seq being the more faithful protocols (Supplementary Figures 2  and 3 ). Figure 5 summarizes the correlations in terms of transcript quantification of our datasets. Given that with the spike in, the best quantification were obtained with ONT RNA-Seq, we compared the quantifications obtained with this protocol with the ones obtained with the ONT and Illumina cDNA-Seq protocols. Comparing the Illumina cDNA-Seq and the ONT RNA-Seq protocols we obtain a spearman coefficient of correlation ρ = 0.51. The correlation is lower in the liver sample (Supplementary Figure  4) probably because of a lower number of RNA-seq reads and a shorter read length.
Quantification of the expression level of mouse genes
Comparing the ONT RNA-Seq and cDNA-Seq quantification, we obtain a higher correlation (ρ = 0.75), suggesting that read length strongly influences transcript quantification. Indeed, in the comparison between Illumina cDNA-Seq and ONT RNA-Seq dataset, the lack of correlation comes from one main cause. Discriminating transcripts of a same gene that share common sequences with short reads is difficult. Longer reads are clearly helpful, however they do not always enable to discriminate transcripts. Indeed, in the case where a read only covers the 3' end of a transcript, and not the full length, it may be ambiguously assigned to several transcripts.
For example, for the Swi5 gene, although several rare (lowly expressed) transcripts are seen only with Illumina, the other ones are harder to quantify (red dots in figure 5a ). RSEM uses the unique part of each transcript to proportionally allocate the reads that mapped equally on the common part of the transcript. In the case where a transcript has no read which uniquely maps to it, its expression cannot be computed and is set to 0. This is the case for the transcript ENSMUST00000050410 (Swi5 -201, Supplementary figure 5) of Swi5, whose expression is underestimated (0 TPM), an issue already seen in spike-ins (SIRV-311). Conversely, some transcripts are underestimated by ONT RNA-Seq. This is the case of Swi5 -204, whose unique region is located at the 5' end of the gene, and is therefore poorly covered by long reads. To avoid the difficult step of correctly assigning a read to a transcript, we summed the quantification of all transcripts for each gene. Figure 5c shows the quantification at gene level. As reported in other papers [8] [5] [22] the correlation at gene level is quite good (ρ =0.78). However inter-genes repeats remains a cause of mis-quantified genes. For example, a large part of the mitochondrial chromosome had been recently integrated in the mouse's chromosome 1 [15] . As a consequence, 7 genes are present in 2 copies in the genome, one copy annotated as functional on the mitochondrial chromosome and another one, annotated as pseudogene on chromosome 1 (shown in red in figure 5c ). Since this integration is recent, the copies did not diverge yet. They are therefore difficult to quantify due to multimapping, even when using long reads, since the repeat is larger than the full transcript. More generally, the quantification of repeat-containing genes is challenging. Long reads are particulary useful for quantifying these genes, in particular long non coding RNAs, which are enriched in transposable elements. Mapping long reads to the correct location remains however challenging, in particular for processed pseudogenes.
Quantification of processed pseudogenes
These are particular cases of pseudogenes which come from the retrotranscription and reintegration in the genome of one of the transcript of their parent gene [11] . After their integration, they have no intron and, without any selective pressure, they diverge from their parent gene proportionally with their age. Some of them are expressed [6] and are annotated as transcribed processed pseudogenes although the vast majority of pseudogenes are not expressed [11] . Correctly assigning the reads to the parent gene and not the pseudogene is not trivial. Figure 5d shows that mapping long reads to the genome with Minimap 2 (-ax splice) (as used in [27] ) results in the mis-quantification of processed pseudogenes. The expression of most of them is over-estimated by the ONT RNA-Seq protocol (this is also the case of ONT cDNA-Seq). It can be explained by two main reasons.
First, it can come from the fact that if a mapper has to choose between two genomic locations, one with gaps (introns of the parent gene), and one with no gaps (the processed pseudogene), it will tend to favour the gapless mapping, because it is easier to find. We note that the scoring system of minimap2 consists in selecting the max-scoring sub-segment, excluding introns, and therefore not explicitly favouring the gapless mapping. However, this requires that splice sites are correctly identified in the first place, a task which remains difficult with noisy long reads.
A second reason explaining the overestimation of processed pseudogenes is related to polyA tails. Processed pseudogenes originate from transcripts which contained a polyA tail, which was then integrated in the genome, downstream the pseudogene. Many of the ONT reads originating from the parent gene also contain this polyA tail, favoring the alignment at the processed pseudogene genomic location. The alignment will be longer thanks to the polyA tail. An example is shown in figure 6 . The processed pseudogene Rpl17-ps8 differs from its parent gene by two bases (A to G at the position chrX:96,485,078 and A to G at the position chrX:96,485,267). These divergences are marked in red in the figure. At these two positions we observe that reads differ from the reference genome : they have a G instead of an A. This means that these reads come from the parent gene and we mistakenly aligned them onto the pseudogene because it is intronless and contains a polyA tail. We therefore strongly recommend to map reads on the reference transcriptome and not on the genome, as reference transcripts do not contain introns, nor polyA tails.
Quantification of genes overlapping transposable elements
Another example of repeat-associated gene biotype is given by the long non-coding RNAs (lncRNAs) which are highly enriched in transposable elements (TEs). These TEs are sometimes considered as the functional domains of lncRNAs [10] , and it has been estimated that 66% of mouse lncRNA overlap at least one TE [12] . Our experimental design allows us to assess the impact of read lengths on non-coding (versus protein-coding) gene quantifications for different levels of TE coverage. Given that lncRNAs are lowly expressed, for this specific analysis, we restricted to cDNA-Seq and did not apply our 80% query coverage filter. Using annotated TEs from the RepeatMasker database [23] , Figure 6 : Example of a processed pseudogene whose expression is overestimated : Rpl17-ps8 (retro Rpl17) Alignment visualization with IGV of Rpl17-ps8. The positions of divergence between Rpl17-ps8 and Rpl17 are shown in red in the first track. Second track is ONT RNA-Seq coverage, third track is ONT RNA-Seq reads. Colored positions in the coverage track correspond to mismatches. Most reads contain mismatches at the exact position of the divergences with the parent gene. They are therefore incorrectly mapped, partly because they overlap the polyA tail which is integrated in the genome downstream the pseudogene.
we classified lncRNAs and mRNAs based on their TE coverage in 4 categories (with the "0%" class corresponding to genes without any exonic-overlapping TE and conversely, the class of ">66-100%" for genes highly enriched in exonic TE) (Supplementary Figure 6a) . For each expressed gene, we further computed the ratio between Nanopore cDNA versus Illumina TruSeq gene quantifications with respect to their TE categories (Supplementary Figure 6a) . As expected, the higher the TE content of a gene, the larger the difference in quantification between long and short-read sequencing technologies. Although this tendency is observed both for protein-coding and lncRNAs biotypes, lncRNAs are more impacted given that they are more prone to be enriched in TEs. One interesting example is given by the known imprinted lncRNA KCNQ1OT1 (ENSMUSG00000101609) which is specifically expressed from the paternal allele in opposite direction to the KCNQ1 protein-coding gene [20] (Supplementary  Figure 6b) . About 41% of the KCNQ1OT1 transcript sequence is composed of TE elements and its quantification using Illumina TruSeq versus Nanopore cDNA protocols highlights contrasting values (TPM = 0.36 and Nanopore cDNA = 118).
Conclusion
We find that ONT long-reads can be used to quantify transcripts and that the most faithful quantification was obtained with the ONT RNA-Seq protocol. While the cDNA-seq data was more biased, in particular for transcripts containing long stretches of A's. Quantifying transcripts and not genes is still challenging, and requires the development of dedicated bioinformatics methods, in particular when the annotation is not complete, or for non-model species where no annotation is available. Determining the abundance of processed pseudogenes is challenging, and current mapping protocols largely overestimate their expression. This overestimation is especially true when a reference genome is used instead of a reference transcriptome. The limitation is however that, even for model species, there are many transcripts which have not yet been annotated. Reads stemming from them are therefore unmapped, or incorrectly assigned to alternative transcripts. Improvements in the technology and library preparation protocol to obtain more reads and more fulllength reads are also expected to be very helpful in obtaining precise quantification of all genes and transcripts. The recent launch of the PromethION device will allow a deep sequencing of transcriptomes which should enable to overcome the limitations of the MinION device.
